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The SCF (SKP1-CUL1-F-box protein) ubiquitin ligase complex mediates polyubiquitination
of proteins targeted for degradation, thereby controlling a plethora of biological processes
in eukaryotic cells. Although this ubiquitination machinery is found and functional only in
eukaryotes, many non-eukaryotic pathogens also encode F-box proteins, the critical sub-
units of the SCF complex. Increasing evidence indicates that such non-eukaryotic F-box
proteins play an essential role in subverting or exploiting the host ubiquitin/proteasome
system for efﬁcient pathogen infection. A recent bioinformatic analysis has identiﬁed more
than 70 F-box proteins in 22 different bacterial species, suggesting that use of pathogen-
encoded F-box effectors in the host cell may be a widespread infection strategy. In this
review,wefocusonplantpathogen-encodedF-boxeffectors,suchasVirFofAgrobacterium
tumefaciens,G A L A so fRalstonia solanacearum, and P0 of Poleroviruses, and discuss the
molecular mechanism by which plant pathogens use these factors to manipulate the host
cell for their own beneﬁt.
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INTRODUCTION
Diverse pathogens have evolved virulence factors that mimic host
cell functions (Elde and Malik, 2009). This molecular mimicry,
presumably acquired through either divergent or convergent evo-
lution, is indispensible for pathogens to exploit or subvert the
host cellular processes for efﬁcient infection. A fascinating exam-
pleofthemolecularmimicryispathogen-encodedF-boxproteins.
As a component of the SCF (SKP1-CUL1-F-box protein) ubiqui-
tin ligase complex, F-box proteins mediate polyubiquitination of
target proteins and the subsequent proteasome-dependent pro-
tein degradation in eukaryotic cells (Petroski and Deshaies, 2005;
Lechner et al., 2006; Vierstra, 2009; Hua and Vierstra, 2011).
Surprisingly, an F-box-coding gene was also found in Agrobac-
terium tumefaciens, a bacterial pathogen that causes neoplastic
growths and crown gall disease in plants (Schrammeijer et al.,
2001). Considering that prokaryotes possess neither the ubiqui-
tin/26S proteasome system (UPS) nor the functional SCF ubiq-
uitin ligase complex, the Agrobacterium-encoded F-box protein
presumablydoesnotfunctioninthebacterialcell.Rather,Agrobac-
terium translocates this F-box effector into plant cell (Vergunst
et al., 2000, 2005) and hijacks the host SCF complex to facili-
tate bacterial infection (Tzﬁra et al., 2004). Since this discovery,
similar F-box-like effector proteins have been described in many
other viral and bacterial pathogens, including a human pathogen
Legionella pneumophila (Price et al., 2009; Lomma et al., 2010).
Furthermore, a recent bioinformatic analysis identiﬁed at least 74
putative F-box proteins encoded by 22 different bacterial species,
most of which are known pathogens (Price and Kwaik, 2010).
This ﬁnding further suggests the importance and widespread
utilization of pathogen-derived F-box proteins for the infection
strategy.
Like animals, plants face a challenge to adapt their develop-
mentandgrowthtoarapidlychangingenvironment.Inparticular,
preparing for a potential threat from a wide array of pathogens is
crucial for survival of plants. Increasing evidence suggests that
plants utilize the UPS to recognize and combat pathogen inva-
sion (Zeng et al., 2006; Citovsky et al., 2009). As a part of this
defensestrategy,plantsoftenexploittheSCFubiquitinligasecom-
plexes, thereby targeting negative regulators of their own defense
responseand/orpathogen-derivedproteinsfordegradation(Zeng
et al., 2006; Citovsky et al., 2009). Notably, plants encode an
unusually large number of F-box proteins, the substrate speci-
ﬁcity module of the SCF complex (Gagne et al., 2002; Hua and
Vierstra,2011). For example,the model plantArabidopsis thaliana
possesses almost 700 F-box genes, which represent almost 2.3%
of the protein-coding genes (Gagne et al., 2002; Hua and Vier-
stra, 2011). By comparison, fruit ﬂies and humans encode only
27 and 69 F-box proteins, respectively (Hua and Vierstra, 2011).
Furthermore, a maximum-likelihood analysis of codon evolution
predicted that most of plant F-box genes are likely subject to
positive selection speciﬁcally in the C-terminal substrate-binding
domains (Thomas, 2006). Such site-speciﬁc positive selection in
plant F-box genes as well as their high degree of diversity are
reminiscentofthemajorhistocompatibilitycomplex(MHC)mol-
ecules(HughesandNei,1988,1989a,b),themembrane-associated
proteins that activate immune responses in vertebrates by bind-
ing fragments of foreign proteins (i.e., antigens). Based on these
evolutionary features shared by plant F-box genes and MHC mol-
ecules, it is tempting to speculate that plants may have evolved a
diverse array of F-box proteins (hence, a wide variety of different
SCF complexes) to enable broad protection against innumerable
invading pathogens. If this is the case, it is not surprising that
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plant pathogens, in turn, have evolved a counter-defense strat-
egy using a molecular mimic of F-box proteins to disrupt or
co-opt the defense-associated SCF machinery of the host plants.
Although only a few phytopathogen-encoded F-box proteins have
been intensively studied thus far, understanding the role of such
an F-box effector during the corresponding pathogen infection
process is highly informative to illustrate the molecular arms race
between host plants and pathogens. Here,we summarize the basic
concepts of the UPS as well as the SCF ubiquitin ligase complex,
and provide several case studies on plant pathogen-derived F-box
proteins, including VirF of A. tumefaciens, GALAs of Ralstonia
solanacearum, and P0 of Poleroviruses.
THE UBIQUITIN/26S PROTEASOME SYSTEM
Post-translational modiﬁcations regulate the molecular function
of target proteins by modulating their activity, stability, local-
ization, and afﬁnity to other molecules. Among many known
post-translational modiﬁcations, addition of ubiquitin moieties
(i.e.,ubiquitination) is known to be a highly complex process reg-
ulated by numerous cellular factors, and plays an essential role in
diverse biological processes.
Ubiquitin is a 76-amino acid polypeptide that is highly con-
served among eukaryotes. As its name suggests,ubiquitin is ubiq-
uitously expressed in virtually all types of eukaryotic cells. Cova-
lent attachment of ubiquitin to its target protein is mediated by
a reaction cascade involving three classes of enzymes: ubiquitin-
activatingenzymes(E1),ubiquitin-conjugatingenzymes(E2),and
ubiquitinligases(E3)(PetroskiandDeshaies,2005;Vierstra,2009;
Hua and Vierstra, 2011; Figure 1). The sequential reactions start
with ATP-dependent activation of ubiquitin by an E1 enzyme,
resulting in formation of a high energy thioester linkage between
acysteineresiduepresentinE1andtheC-terminalglycineresidue
ofubiquitin.Thisactivatedubiquitinisthentransferredtoanother
cysteine residue in an E2 enzyme,and subsequently conjugated to
a lysine residue in the target protein with the help of a substrate-
speciﬁcE3ligase.E3ligasesarethelargestandmostdiverseclassof
ubiquitinating enzymes, which is prominent especially in plants.
For example, A. thaliana possesses more than 1,500 different E3
enzymes (Hua andVierstra,2011),suggesting that E3 ligases have
evolved to regulate a wide spectrum of endogenous and foreign
proteins through ubiquitination. E3 ligases are classiﬁed into two
major types: the HECT-type and the RING ﬁnger-type ubiquitin
ligases (Figure 1). The HECT-type ligases accomplish ubiquitin
ligation by two steps, where the activated ubiquitin ﬁrst becomes
covalently attached to a cysteine residue in the HECT domain
of the E3 ligase and then transferred to the ﬁnal substrate. On
the other hand, the RING ﬁnger-type ligases, which include the
SCF complex,transfer the activated ubiquitin directly from the E2
enzyme to the target protein.
In many cases,ubiquitin polymers are assembled by reiterative
rounds of ubiquitination, where the ﬁrst ubiquitin monomer is
conjugated to a lysine residue of the target protein, followed by
attachment of additional ubiquitin monomers to any of 7 lysine
residues available in the previously attached ubiquitin molecule
(Figure 1). The type of linkage in a polyubiquitin chain deter-
mines the fate of the substrate protein. The best characterized
polyubiquitin chains thus far are Lys11-linked and Lys48-linked
FIGURE 1 |The ubiquitin/26S proteasome system (UPS). Ubiquitination
is accomplished by sequential reactions involving three classes of enzymes
(E1, E2, and E3). First, a ubiquitin-activating enzyme (E1) activates a
ubiquitin molecule in an ATP-dependent manner, resulting in formation of a
high energy thioester linkage between E1 and the C-terminal glycine
residue of ubiquitin.The activated ubiquitin is then transferred to a
ubiquitin-conjugating enzyme (E2), and subsequently conjugated to a lysine
residue in the target protein with the help of a substrate-speciﬁc ubiquitin
ligase (E3). E3 ligases are classiﬁed into two groups, depending on their
mode of action. RING ﬁnger-type E3 ligases transfer a ubiquitin moiety
directly from E2 to a lysine residue of the target protein. HECT-type E3
ligases conjugate ubiquitin in two steps: ﬁrst, a ubiquitin moiety is
transferred from E2 to the HECT domain of a HECT-type E3 ligase and,
then, to a lysine residue of the target protein. Lys11- or Lys48-linked
polyubiquitination targets the substrate for 26S proteasome-dependent
protein degradation.
chains.Substrateswiththesepolyubiquitinchainsaredirectlyrec-
ognized and degraded by the 26S proteasome,a very large protein
complex of 2.5MDa that catalyzes proteolysis (Figure 1). This
UPS not only facilitates removal of misfolded proteins, but also
regulates a plethora of cellular processes by targeting regulatory
proteins for selective degradation. Furthermore, the UPS is also
known to play a key role in host immune responses against invad-
ingpathogens(Zengetal.,2006;Citovskyetal.,2009).Forinstance,
someplantvirus-encodedmovementproteins(MPs),theessential
factors for the cell-to-cell spread of viral infection,are targeted for
degradation by the UPS (Reichel and Beachy, 2000; Drugeon and
Jupin,2002).Similarly,theviralRNA-dependentRNApolymerase
(RdRp), which is required for genome replication of positive-
strand RNA viruses, is also degraded by the UPS in plant cells
(Cambordeetal.,2010).Theseexamplesillustratetheimportance
of the defensive role of the UPS in host–pathogen interactions
andimplythatthehostUPSrepresentsachallengethatpathogens
need to overcome for successful infection.
THE SCF COMPLEX
The role of E3 ubiquitin ligases in the UPS is substantial as these
enzymes determine substrate speciﬁcity by selectively recruit-
ing target proteins to the ubiquitination machinery. Among the
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E3 families, the SCF complex is by far the largest and best
characterized class of E3 ligases. The SCF complex is comprised
of cullin 1 (CUL1), S-phase kinase-associated protein 1 (SKP1),
RING-box1(RBX1),andanF-boxprotein(PetroskiandDeshaies,
2005; Lechner et al., 2006; Vierstra, 2009; Hua and Vierstra, 2011;
Figure 2). In this multi-protein complex, CUL1 serves as a scaf-
foldthattethersSKP1andRBX1toitsN-terminalandC-terminal
domains, respectively. An F-box protein, which confers substrate
speciﬁcity to the SCF complex,directly interacts with SKP1 via its
F-box domain whereas RBX1 functions as the docking site for E2
ubiquitin-conjugating enzymes. Most, but not all, F-box proteins
harboranadditionalinteractiondomainthatbringsspeciﬁctarget
proteinsincloseproximitytothecatalyticcoreoftheSCFcomplex
(Gagne et al.,2002).
In plants, the SCF complex has been shown to regulate a mul-
titude of developmental processes (Lechner et al., 2006; Vierstra,
2009; Hua and Vierstra, 2011). Indeed, different SCF complexes
are involved in signaling pathways of almost all plant hormones,
including auxin, gibberellins, jasmonic acid, etc. (Santner and
Estelle, 2010). In addition, the SCF complex plays a critical
role in plant pathogen interactions (Zeng et al., 2006; Citovsky
et al., 2009). One such example is the involvement of the ACIF1
FIGURE 2 | Structure of the SCF complex.The crystal structure of the
yeast SCF
SKP2 complex (top; Zheng et al., 2002; Hao et al., 2005; assembled
from Protein Data Bank ﬁles 1LDK and 2ASS) and a simpliﬁed cartoon of
the SCF complex (bottom).The N-terminal half and the C-terminal half of
CUL1 interact with SKP1 and RBX1, respectively. RBX1 serves as a docking
site for an E2 enzyme. An F-box protein interacts with SKP1 via its F-box
domain and recruits the target protein to the ubiquitin ligase complex.
(Avr9/Cf-9-InducedF-box1)-containingSCFcomplex(SCFACIF1)
in disease resistance in tomato and tobacco (van den Burg et al.,
2008). Silencing of the ACIF1 gene in tobacco compromises the
host defense responses to Tobacco mosaic virus ( T M V )a sw e l la s
to the bacterial pathogen Pseudomonas syringae (van den Burg
et al., 2008). In tomato, knockdown of ACIF1 attenuates resis-
tance against the pathogenic fungus Cladosporium fulvum (van
den Burg et al., 2008). The Arabidopsis homologs of ACIF1 are
alsoimplicatedfordefenseresponsesassimultaneousknockdown
of three ACIF1 homologs alters expression of defense-responsive
genes, including those coding for pathogenesis-related (PR) pro-
teins (van den Burg et al., 2008). Thus, the F-box protein ACIF1
and the SCFACIF1 complex may serve as a conserved, integral part
ofplantdefenseagainstvariouspathogens,fromvirusestobacteria
to fungi.
The role of the SCF complex in plant pathogen interactions is
also exempliﬁed by the rice defense-related F-box (OsDRF1) pro-
tein (Cao et al., 2008). Expression of the OsDRF1 transcripts is
induced by infection of the rice blast fungus Magnaporthe grisea,
as well as by treatment of benzothiadiazole (BTH), a chemical
inducerof plantdefenseresponses(Caoetal.,2008).Interestingly,
overexpression of OsDRF1 in tobacco transgenic plants leads to
enhanced disease resistance to Tomato mosaic virus (ToMV) and
P. syringae (Cao et al.,2008). These results suggest that the poten-
tialOsDRF1-containingSCFcomplex(SCFOsDRF1)maypositively
regulate plant defense responses against diverse pathogens.
TheSCFcomplexfunctionsnotonlyasapositiveregulatorbut
alsoasanegativeregulatorofplantdefenseresponses.Forinstance,
theArabidopsis F-boxproteinCPR1(ConstitutiveExpresserof PR
Genes1,alsoknownasCPR30)isinvolvedinnegativeregulationof
plant immunity via the UPS (Gou et al., 2009, 2011; Cheng et al.,
2011). The CPR1-containing SCF complex (SCFCPR1) mediates
degradationofatleasttworesistance(R)proteins,SNC1(Suppres-
sor of npr1-1 Constitutive 1) and RPS2 (Resistance to P. syringae
2), both of which are critical immune receptors that recognize
pathogen invasion (Cheng et al., 2011; Gou et al., 2011). Consis-
tentwiththisnegativeroleofSCFCPR1,loss-of-functionmutations
in CPR1 lead to enhanced resistance to P. syringae (Gou et al.,
2009, 2011) as well as the oomycete pathogen Hyaloperonospora
arabidopsidis (Cheng et al., 2011).
Utilization of the SCF complex in plant defense responses
should exert selective pressure on pathogens toward evolution of
counter-defense strategies by which they can subvert or co-opt
the host SCF machinery. Indeed,increasing evidence suggests that
several plant pathogens, such as A. tumefaciens, R. solanacearum,
andPoleroviruses,hijackthehostSCFcomplexfortheirownben-
eﬁts by translocating or expressing their own F-box effectors in
the host cell (Tzﬁra et al., 2004; Angot et al., 2006; Baumberger
et al., 2007; Bortolamiol et al., 2007; Table 1). Moreover, recent
bioinformatic analyses revealed that many other plant pathogens
also encode F-box-like proteins (Angot et al., 2007; Price and
Kwaik, 2010; Table 1), suggesting that hijacking of the host SCF
machinery through this molecular mimicry may be a widespread
infection strategy. To better understand the plant pathogen mole-
culararmsracerevolvingaroundtheSCFcomplex,wesummarize
recent advances in the studies of phytopathogen-encoded F-box
effectors.
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Table 1 | Summary of F-box proteins encoded by plant pathogens.
Pathogen F-box proteina Target
protein
Proposed role in infection Reference
BACTERIAL PATHOGEN
Agrobacterium
tumefaciens
VirF VIP1 Interacts with the Arabidopsis SKP1. Facilitates theT-complex uncoat-
ing by destabilizing the host factor VIP1 as well as its associated
T-strand coating protein VirE2
Schrammeijer et al. (2001),
Tzﬁra et al. (2004)
Ralstonia
solanacearum
GALA family N/D At least four (GALA1, 5, 6, 7) out of seven members of this protein
family interact with the Arabidopsis SKP1. Possess partially overlap-
ping roles in enhancing infection of Arabidopsis and tomato. GALA7 is
a host range factor required for virulence in Medicago truncatula
Angot et al. (2006)
Pseudomonas
syringae
YP_273421 N/D N/D Angot et al. (2007), Price
and Kwaik (2010)
Pseudomonas
savastanoi
ZP_07003893 N/D N/D (Price and Kwaik, 2010)
Xanthomonas
axonopodis
NP_641107 N/D N/D Price and Kwaik (2010)
Xanthomonas
campestris
YP_362537 N/D N/D Angot et al. (2007), Price
and Kwaik (2010)
Xanthomonas
fuscans
ZP_06706287 N/D N/D Price and Kwaik (2010)
Xanthomonas
albilineans
YP_003375967 N/D N/D Price and Kwaik (2010)
VIRAL PATHOGEN
Polerovirus group P0 AGO1 Interacts with the Arabidopsis SKP1. Counteracts the host RNA
silencing-mediatedantiviraldefensebytargetingAGO1fordegradation
Pazhouhandehetal.(2006),
Baumberger et al. (2007),
Bortolamiol et al. (2007)
[e.g., Beet western yellows virus (BWYV) and Cucurbit aphid-borne yellows virus (CABYV)]
Faba bean necrotic
yellows virus
(FBNYV)
Clink N/D Contains an LxCxE motif required for the interaction of animal virus
oncoproteins with the cell cycle regulator pRB. Interacts with the
human pRB as well as the Medicago sativa SKP1 in vitro. Involvement
in viral infection is still unknown
Aronson et al. (2000)
aThe names of F-box proteins or their NCBI accession numbers are indicated. N/D, not determined.
VirF OF AGROBACTERIUM
Agrobacterium tumefaciens-encoded VirF is the ﬁrst F-box pro-
tein that was identiﬁed in prokaryotes and proved functional in
eukaryotichostcells(Schrammeijeretal.,2001;Tzﬁraetal.,2004).
Agrobacterium is a phytopathogenic soil bacterium that causes
neoplasticgrowths(crowngalltumors)onvariousplantspeciesby
transferringandintegratingitsowngeneticmaterialsintothehost
genomes. This Agrobacterium-mediated genetic transformation
has been considered to represent the only known natural example
of trans-kingdomgenetransferuntilarecentstudyusingcultured
human cells showed that the zoonotic pathogen Bartonella hense-
lae is also capable of mobilizing its DNA into the eukaryotic host
(Schröderetal.,2011).Furthermore,underlaboratoryconditions,
Agrobacterium can genetically transform virtually any eukaryotic
species, from fungi to human cells (Bundock et al., 1995; Piers
et al.,1996; Kunik et al.,2001; Lacroix et al., 2006).
The infection process of Agrobacterium is regulated by many
bacterial factors as well as the host cellular components (Tzﬁra
and Citovsky, 2006; Gelvin, 2010; Pitzschke and Hirt, 2010;
Figure 3). First, Agrobacterium activates expression of virulence
(Vir) proteins in response to phenolic compounds exuded from
wounded plant tissues. Among the induced Vir proteins, VirD1
andVirD2 mediate generation of a single-stranded copy of trans-
ferred DNA (T-DNA), a speciﬁc DNA segment of the bacterial
tumor-inducing (Ti) plasmid. The resulting mobilized single-
stranded (ss) DNA molecule, termed T-strand, is then delivered
into the host cell via the type IV secretion system composed of
the VirB and VirD4 proteins. Within the plant cell, the T-strand
is thought to exist as a nucleoprotein complex called T-complex,
in which its 5 end is covalently attached to one VirD2 molecule
and the entire length of the T-strand is coated with numerous
molecules of the ssDNA binding protein VirE2, another bacter-
ial effector exported into the host cell (Sheng and Citovsky, 1996;
Gelvin,2000; Tzﬁra and Citovsky,2000,2002; Zupan et al.,2000).
Furthermore,the hostVirE2-Interacting Protein 1 (VIP1) directly
bindstoVirE2andfacilitatesthenuclearimportof T-DNAaswell
as its subsequent targeting to the host genome (Tzﬁra et al., 2001;
Li et al.,2005; Lacroix et al., 2008).
Once the T-complex reaches the host chromatin, the coat-
ing VirE2 and VIP1 proteins are most likely removed from the
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FIGURE3|I n v o l v ement of F-box proteins inAgrobacterium infection.
Agrobacterium exports a single-stranded copy ofT-DNA (T-strand) as well as
virulence (Vir) effector proteins into plant cell. Within plant cell,T-strand is
assembled into a nucleoprotein complex (T-complex) in which one VirD2
molecule is attached to the 5
 end of theT-strand and multiple VirE2
molecules coat the entire length of theT-strand. In addition, the plant factor
VIP1 directly interacts with VirE2 and guides theT-complex into the host cell
nucleus. Once theT-complex enters the nucleus, it is presumably
disassembled by an SCF complex containing VirF as an F-box component.
The SCF
VirF complex mediates polyubiquitination of VIP1, thereby targeting
VIP1 as well as its associated VirE2 for 26S proteasome-dependent
degradation. In plant species that do not require VirF for full virulence,
Agrobacterium most likely also utilizes the host F-box protein VBF for the
T-complex uncoating. As a defense strategy, the host plants destabilize VirF
via the ubiquitin/26S proteasome system (UPS), presumably using an as yet
unidentiﬁed plant SCF complex. Another exported effector, VirD5,
counteracts this host-induced degradation of VirF by directly binding to and
stabilizing VirF .
T-strand, resulting in release of the “naked” DNA molecule as a
substrate for integration. Presumably, this uncoating process is
mediated by VirF (Tzﬁra et al., 2004), another bacterial effector
thatistranslocatedintothehostcellindependentlyoftheT-strand
(Vergunst et al., 2000, 2005) and localizes to the host cell nucleus
by as yet unknown mechanism (Tzﬁra et al., 2004; Figure 3). The
Agrobacterium F-box effector VirF has been shown to interact
with the plant SKP1 through the F-box domain (Schrammeijer
et al., 2001), suggesting that VirF functions as a component of
the SCF complex in plant cell (Schrammeijer et al., 2001; Tzﬁra
et al., 2004). Although VirF does not possess any additional pro-
tein interaction domains, which are usually found in many F-box
proteins, it directly binds VIP1 and targets it for 26S proteasome-
dependentdegradationinplantandyeastcells(Tzﬁraetal.,2004).
In addition, VirE2, which is associated with VIP1, is indirectly
destabilized by VirF at least in a heterologous yeast system (Tzﬁra
etal.,2004).ThedegradationofVIP1andVirE2isindeedmediated
bytheVirF-containingSCFcomplex(SCFVirF)becausethisdegra-
dation does not occur in yeast mutant cells that do not express
functional SKP1 (Tzﬁra et al., 2004). Together, these observations
suggest that Agrobacterium hijacks the host SCF machinery for
efﬁcient infection with the help of the bacterial F-box effector. It
remains unknown how Agrobacterium controls the timing of the
SCFVirF-mediated T-complex uncoating, but the proposed role
of VirF during Agrobacterium infection illustrates the strategic
importance of molecular mimicry by pathogen-encoded F-box
effectors.
The paradox of the infection strategy using VirF is, however,
that F-box proteins are inherently unstable due to their own
degradation mediated by the autocatalytic mechanism (Zhou and
Howley, 1998; Galan and Peter, 1999) or other E3 ligases (Ayad
et al., 2003; Guardavaccaro et al., 2003; Margottin-Goguet et al.,
2003). Thus, Agrobacterium, which delivers only the VirF pro-
tein molecules but not the virF gene into the host cell, faces a
challenge to protect VirF against detrimental degradation. Most
likely,this is achieved by another translocated effector of Agrobac-
terium, VirD5, that directly binds to and stabilizes VirF, which
otherwise undergoes rapid degradation via the host UPS (Magori
and Citovsky, 2011; Figure 3). This degradation of VirF is likely
mediatedbyanunknownplantE3ligase,butnottheautocatalytic
mechanism because mutations in the F-box, a domain required
for autoubiquitination, do not stabilize the VirF protein (Magori
andCitovsky,2011).Althoughitremainselusivewhetherthehost-
induced degradation of VirF is actually associated with bona ﬁde
plant defense responses, these observations illustrate a novel type
of host–pathogen molecular arms race, in which both sides com-
pete for the control of the stability of pathogen-encoded F-box
effectors.
ItshouldbenotedthatVirFwasoriginallyidentiﬁedasabacter-
ialhostrangefactor,thefunctionof whichisrequiredforAgrobac-
teriuminfectioninsome,butnotall,plantspecies(Hooykaasetal.,
1984;Melchersetal.,1990;Jarchowetal.,1991;Regensburg-Tuink
and Hooykaas, 1993). For example, Agrobacterium strains lack-
ing the virF gene exhibit substantially attenuated infectivity on
tomato and tree tobacco (Nicotiana glauca; Hooykaas et al., 1984;
Melchers et al., 1990), while such strains still exhibit wild-type
virulence on Arabidopsis (Zaltsman et al., 2010). Thus, in plant
species that are susceptible to the VirF-lacking strains, Agrobac-
terium may utilize a host F-box protein as an alternative to VirF.
Consistent with this notion, an Arabidopsis F-box protein, VIP1-
Binding F-box protein (VBF), was shown to substitute for the
VirF function during Agrobacterium infection (Zaltsman et al.,
2010; Figure 3). Similarly to VirF, VBF interacts with the plant
SKP1, and promotes proteasomal degradation of VIP1 as well as
VirE2 (Zaltsman et al., 2010). Interestingly, the VBF transcripts
are upregulated in Arabidopsis upon inoculation with Agrobac-
terium (Ditt et al., 2006) and fungal pathogens (Li et al., 2006).
This, in turn, suggests that Agrobacterium may co-opt the plant
defenseresponsestofacilitatetheT-complexuncoatingand,hence,
successful infection.
GALAs OF RALSTONIA
Another phytopathogenic bacterium R. solanacearum causes a
lethalwiltingdiseaseonmorethan200plantspecies,whichbelong
to as many as 50 families (Schell, 2000). This unusually wide host
range may be related to a diverse array of effector proteins that
Ralstonia potentially uses during the infection process. Indeed,
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genomic and gene expression studies have predicted that Ralsto-
nia injects over 70 different effectors into the eukaryotic host cell
via the type III secretion system (Salanoubat et al., 2002; Cunnac
et al., 2004; Poueymiro and Genin, 2009). Among these translo-
catedeffectors,theGALAfamilyplaysanessentialroleinRalstonia
pathogenicity (Angot et al., 2006). This protein family is a group
of seven members (GALA1 to 7),each of which contains an F-box
domain as well as a C-terminal leucine-rich repeat (LRR) domain
(Cunnac et al.,2004). The name“GALA”derives from a conserved
GAxALA amino acid sequence in the LRR domain of these effec-
tors (Cunnac et al., 2004). The evolutionary origin of the GALA
family is unknown, but a phylogenetic analysis of various F-box
domains suggested that the Ralstonia GALA genes may have been
acquired from plants via horizontal gene transfer (Kajava et al.,
2008).
Like VirF of Agrobacterium, at least four GALA proteins
(GALA1, 5, 6, and 7) have been shown to interact with the
Arabidopsis SKP1 (Angot et al., 2006), suggesting that translo-
cated GALAs may be incorporated into the host SCF complex.
Although mutating any single GALA gene does not alter Ralsto-
nia infection of Arabidopsis or tomato (Cunnac et al., 2004), a
strainharboringsimultaneousmutationsof allof thesevenGALA
genesshowsalmostnovirulenceinArabidopsis andexhibitssignif-
icantly attenuated infectivity in tomato (Angot et al.,2006). These
observationssuggestthattheGALAfamilymembershavepartially
overlappingfunctionsduringRalstonia infectionofitsplanthosts.
However, among seven GALA proteins, at least GALA7 appears
to possess a distinct host-speciﬁc function as its mutation alone
does not affect the bacterial virulence in Arabidopsis or tomato,
but leads to reduced disease symptoms in Medicago truncatula
(Angot et al., 2006). It is tempting to speculate that the speciﬁc
role of GALA7 in Medicago may be conferred by its C-terminal
LRR domain, which potentially recruits Medicago-speciﬁc factors
to the SCFGALA7 ubiquitin ligase complex. Similarly, the other
GALA members may also target different and speciﬁc host factors
in different plant species. The molecular mechanism by which the
SCFGALA complex enhances Ralstonia infection remains elusive.
Nevertheless, this bacterial F-box protein family can be a good
model to understand not only how Ralstonia exploits the host
SCF machinery for infection of speciﬁc hosts, but also how this
plant pathogen has used this machinery to expand its host range.
P0 OF POLEROVIRUS
RNA silencing, also known as post-transcriptional gene silencing
(PTGS), plays a central role in plant defense responses against
viral pathogens (Vance and Vaucheret, 2001; Baulcombe, 2004;
Voinnet, 2005; Diaz-Pendon and Ding, 2008). In this defense sys-
tem,double-stranded RNA molecules derived from viral genomes
or transcripts are processed into 21–25nt small interfering RNA
(siRNA) duplexes by the RNaseIII enzyme Dicer. Subsequently,
a single-stranded siRNA is incorporated into the RNA-induced
silencing complex (RISC), which then degrades viral RNAs that
arecomplementarytotheboundsiRNA.Interestingly,manyplant
and animal viruses are known to encode suppressor proteins that
suppressthishostRNAsilencingmachinery(VanceandVaucheret,
2001; Baulcombe, 2004; Voinnet, 2005; Diaz-Pendon and Ding,
2008). Among such viral suppressors, the Polerovirus P0 protein
harbors an F-box motif that is required for the interaction of P0
with the plant SKP1 (Pazhouhandeh et al., 2006). Mutations in
the F-box domain of P0 not only abolish the interaction between
P0 and SKP1, but also signiﬁcantly reduce accumulation of the
viral RNAs in the host plants (Pazhouhandeh et al., 2006), indi-
cating that P0 is a bona ﬁde F-box protein essential for viral
infectivity. The potential targets of the SCFP0 complex include
ARGONAUTE1 (AGO1), the catalytic component of the RISC
complex (Baumberger et al., 2007; Bortolamiol et al., 2007). P0
directly interacts with AGO1 and targets it for degradation in the
hostcell(Baumbergeretal.,2007;Bortolamioletal.,2007).Indeed,
transientexpressionofP0inNicotianabenthamianaorArabidopsis
leads to substantial reduction in the AGO1 protein levels (Baum-
berger et al., 2007; Bortolamiol et al., 2007). Consistent with this
result, ectopic expression of P0 in transgenic Arabidopsis plants
elicits pleiotropic developmental abnormalities that are reminis-
cent of ago1 mutants (Bortolamiol et al., 2007). Together, these
observations reveal a novel counter-defense strategy, in which
viral pathogens disrupt the host RNA silencing through targeted
degradation of AGO1. The P0 protein of Poleroviruses is the ﬁrst
evidencethatnotonlybacterialpathogensbutalsoviralpathogens
have evolved to encode their own F-box proteins and hijack the
host SCF machinery to enhance infection efﬁciency.
CONCLUSION
Host–pathogen interactions represent a never-ending arms race
between host organisms defending against unwanted invaders,
andpathogenscounteractingthehostdefensesystem.Duetotheir
short generation times and large population sizes, bacterial, and
viral pathogens are thought to evolve much faster than multicel-
lular, eukaryotic hosts (Arber, 2000). In addition, horizontal gene
transfer,a process in which different prokaryotic species exchange
their genetic materials, further speeds up evolution of pathogens
(Arber,2000).Thus,itisnotsurprisingthatpathogens,ratherthan
hosts, seem to dominate the battle by constantly updating their
infection strategies. In particular, use of F-box effectors within
host cells illustrates how elaborate pathogens are when infecting
theirhosts.HijackingthehostSCFmachinerybypathogensmakes
biological sense because the SCF complex plays a key role in host
defenseresponsesinmanycases.Furthermore,duetotheessential
function of the SCF complexes in diverse cellular processes, hosts
cannot modify this ubiquitin ligase system just to evade pathogen
attack,further allowing for evolution of pathogen-encoded F-box
proteins. Ever since the discovery of the Agrobacterium VirF pro-
tein,manyadditionalpathogen-encodedF-boxeffectorshavebeen
identiﬁed,and at least several of them have been demonstrated to
playanindispensibleroleinpathogenicity.Howwidespreadisthis
infection strategy? How have pathogens evolved such eukaryotic
F-box effectors? How have the F-box effectors affected evolution
of host defense systems? With the advent of the discovery and
studies of pathogen-encoded F-box proteins, we are beginning to
understand the true complexity of host–pathogen interactions.
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